A 9,10-phenanthrenequinone (PQ) was electrochemically polymerized on a graphite rod electrode using potential cycling. The electrode modified by poly-9,10-phenanthrenequinone (poly-PQ) was studied by means of cyclic voltammetry, electrochemical impedance spectroscopy, atomic force microscopy and scanning electron microscopy. The poly-PQ shows variations in growth pattern depending on the number of potential cycles for the initiation of polymerization. Formed poly-PQ layer demonstrates good electric conductivity, great electrochemical capacitance and unique oxidation/reduction properties, which are suitable for broad technological applications, including applicability in biosensors, supercapacitors, and in some other electrochemical systems.
Introduction
Polymer modified electrodes are mainly applied in the manufacturing of batteries or supercapacitors [1] , organic light-emitting diodes [2] and biosensors [3, 4, 5] . In one example the main feature of such organic materials is their specific gas sensing surface phenomena [6] that is determined by the polysiloxane polymer and its interaction with the electrode and/or solution, in which they were used. Polymers deposited on a substrate surface can possess various properties including advanced electrical conductivity [1, 7] or insulating properties [8] , redox mediating capabilities [9] , interesting topographic features [10] , specific adhesive and/or binding properties [11] , etc. The modification of electrically conducting surfaces (e.g. electrodes) with polymers possessing a particular function can be performed by many wellestablished methods, for example by dissolving the polymer in a solvent and casting of this solution on electrode surface [3] , polymerization using various chemical initiators [ 12 ] or altered environment conditions [13] , electrochemical polymerization directly onto the electrode surface [2, 14, 15] . Polymermodified electrodes can be composed of more than one functional layer, e.g. they can be multilayered [16, 17] , or additionally modified with some functionalized layers that can be formed during or after formation of initial polymer layer [18] , etc.
The application of electrochemically deposited polymers currently is rapidly expanding [13] :
including their usage in actuators [1] , gas separation membranes [16] , sensors [13] and charge storage devices [1, 13] . Electrochemically deposited polymers can be encountered in a range of charge storage devices such as electrolytic capacitors and high capacity rechargeable batteries [1, 13] . The key property of the polymers used in such systems is the ability of the polymer to accumulate and to store electrical charge. For example, while the still widely used aluminum based capacitor cells achieve the charge storage by the accumulation of charges onto the oxide coated aluminum foil surface [19] , in contrast a conducting polymer, polypyrrole, based electrolytic capacitor is storing the charge by undergoing redox reactions in the polymer backbone and therefore such strategy enables to store significantly higher amount of charge per volume unit of the capacitor [1, 2] .
Polyazines are macromolecules, which are formed by the polymerization of phenanthrolines, phenothiazines, phenoxazines or phenazines. This class of the polymers recently becomes popular in biosensorics due to their advanced charge transfer properties [20] . It is reported that phenanthroline and its derivatives can be used for electrochemical detection of DNA hybridization [21] and electrocatalytic oxidations of nucleotides [22] . Moreover, phenothiazine based polymers are interesting due to good adhesion to a carbon surface. [23] New phenothiazine derivative (bis-phenothiazin-3-yl methane) has been formed on glassy carbon (GC) electrode and has been applied for electrocatalytic oxidation of NADH derivatives. Electropolymerization of PQ was performed by potential cycling, which was followed by simultaneous registration of cyclic voltammograms. Applied potential interval was optimized in the range from + 0.5 V to + 2.5 V vs Ag/AgCl/KCl(3M KCl), at a scan rate of 0.1 V/s.
Electrochemical measurements
Electrochemical measurements were performed using an potentiostat/galvanostat AUTOLAB PGSTAT 30 from Eco Chemie (Utrecht, The Netherlands), which was operated with the FRA and GPES software, provided by Eco Chemie (Utrecht, The Netherlands), in an electrochemical cell with A-PBS, pH 6.0, solution of different compositions depending on objective of investigations. Three-electrode configuration system inside of a Faraday-cage at ambient temperature (25°C) was used for all electrochemical investigations. The three-electrode configuration was assembled from an Ag/AgCl in 3M KCl (Ag/AgCl/KCl(3M KCl)) Metrohm 6.0733.100 reference electrode, a platinum wire auxiliary electrode and a graphite rod electrode, which was used as a working electrode, to which the reference electrode was kept as close as possible. The electrochemical impedance spectra (EIS) were recorded in the frequency range from 40 kHz to 5 mHz at 0.0 V vs Ag/AgCl/KCl(3M KCl) working electrode potential while applying potential perturbation at 10 mV amplitude vs Ag/AgCl/KCl(3M KCl). For further data analysis the cell's responses to applied electrochemical perturbation at different frequencies are presented as Nyquist plots.
For extracting EIS-characteristics from the impedimetric data under selected equivalent circuits a experimental data fitting program ZView was used and standard error of all calculated EIS-characteristics was lower than 10 % except that for some Warburg element characterizing values. The simulated spectra are not presented to avoid a confusing overlapping with experimental points at the most of the plotting area. Polymerization and measurements were carried out in a closed vessel to avoid solution evaporation or the influence of any atmospheric changes.
Imaging of the electrode surface by atomic force microscope and scanning electron microscope
Surface roughness was evaluated using atomic force microscope (AFM) Veeco Bioscope/Catalyst (Santa Barbara, USA). The topography images were registered in air using contact mode with a soft silicon nitride tip covered with reflective gold coating. The spring constant of the tip was 0.06 N/m, scan rate was 0.5
Hz. All images were processed using the program NanoScope 8.0 provided by Veeco. Scanning electron microscope (SEM) from Hitachi TM 3000 (Tokyo, Japan) was also used in this study. All SEM scans were obtained at a 15 kV electron acceleration voltage at magnifications of 50, 1000, 10000 and 30000 with custom brightness and focus settings.
Results and discussion

Investigation of electrochemical formation of poly-PQ layer
Investigation of polymerization by potential cycling
In this work we have performed the electrochemical polymerization of PQ, because this method allows us to change and to control some parameters, which are important for the efficiency of polymerization reaction [2, 13, 32, 33] . Out of many others electrochemical polymerization methods we have selected the potential cycling based method due to our previous experience in electrochemical polymerization of some related organic compounds. In addition this method has some advantages over other electrochemical methods, because it is a simple and build-in as a standard electrochemical method 'cyclic voltammetry' into most potentiostats, and it allows in situ evaluation of obtained data [34] . Before PQ polymerization procedure and after each CV cycle the electrochemical impedance spectra were recorded directly in the polymerization solution for more detailed evaluation of the polymerization process [35, 36] . Modification of electrode with poly-PQ at selected optimal conditions (cycling potential in the interval from 0.5 V to 2.5 V applying scan rate of 0.1 V/s vs Ag/AgCl/KCl(3M KCl)) was performed in further research. Cyclic voltammograms recorded during potential cycling are shown in Figure 1 . All cycles are of almost similar shape with reductive peak at about 1.25 V, which is decreasing in magnitude and shifting to lower potential with every cycle. The explanation for this could be that the concentration of reducing species (9,10-phenanthrenequinone) is decreasing during this procedure and that the newly formed poly-PQ layer is lowering the energy levels required to initiate the PQ polymeric chain growth on the surface of graphite electrode, although the growing polymer layer creates additional resistance that has to be overcome by electrons during reduction of PQ monomer, this could explain the reduction peak's decrease in current. After the integration of first 9 reduction peak areas and applying the amount of calculated charge into the equation of Faraday's law of electrolysis, and assuming that monomer reduction process uses one electron per molecule, it was determined that the amount of reducing species formed in used volume of polymerization solution. (0.634 mol), indeed confirms to be of the same magnitude as the amount of 9,10-phenanthrenequinone initially dissolved in the same portion of polymerization solution Visual inspection of GR electrode revealed the formation of a stable and well adhered polymer layer because with the increasing number of potential-cycles the electrode surface becomes darker and less mirror-like. Repeatability of electrochemical polymerization of poly-PQ was analyzed by the evaluation of cyclic voltammograms of seven electrodes, and it was determined that repeatability of polymerization is relatively good, with only a not significant mismatch after the 18 th polymerization cycle.
Investigation of polymerization by electrochemical impedance spectroscopy
To get a better understanding of electrochemical polymerization of PQ, the electrochemical impedance spectroscopy (EIS) spectra were recorded before and after a selected number of potential cycles. The gathered data of high (40.0 kHz -0.372 Hz) frequency spectra parts are presented in figure 2. Impedance spectrum was recorded in the frequency range from 40 kHz to 5 mHz at working electrode potential of 0 V vs Ag/AgCl/KCl(3M KCl) with 10 mV oscillation amplitude. This oscillation potential was selected in order to get conditions similar to that applied during the analysis, which was conducted later in the aqueous solution; moreover, similar EIS parameters as the most optimal were applied in our previous research for the evaluation of other polymer modified electrodes [37] .
Fig. 2.
EIS data gathered during the polymerization, 1 -recorded before polymerization, 2 -after 3, 3 -after 6, 4 -after 9 and 5 -after 18 polymerization cycles
From the data presented in figure 2 it can be observed, that all EIS spectra except that recorded before potential cycling with not modified GR electrode have a distinctive additional curvature, which becomes more obvious with each cycle. Figure 2 shows the higher frequency parts of the EIS spectra, therefore the data represents electrochemical events happening in a relatively small volume for the ions to respond to the rapidly changing potential so this is most likely happening at close proximity to the surface of the working electrode. The presence of additional feature in the EIS spectra is related to the formation of a new interface between the electrode and the phase of polymerization medium. The increasing curvature of EIS spectra can be explained as a decrease of charge-transfer resistance. Because it is known that the electrode surface is covered by a poly-PQ and the layer of poly-PQ is growing by increasing number of potential cycles, it can be concluded that the polymer is conducting and facilitates the transfer of the charge through phase limit. Apart from additionally curved spectra sequence, the spectrum recorded before the polymerization also provides interesting details: it is seen that in this spectrum the straight line is not tilted by a 45° angle, this means that it is just a part of a second, very large semicircle, thus meaning that the GR electrode surface is involved in charge transfer from ions present in solution. The slight change of the starting points of spectra gathered before and after potential cycling
shows only a slight decrease in Ohmic resistance, this fact reveals that during electropolymerization no additional charges have formed in the polymerization solution. After fitting the gathered impedance data to a selected equivalent circuit (Fig. 3 ) more information on electrochemical polymerization details is extracted (Table 1 ). Comparing the data for each element characteristics a set of conclusions can be made:
(i) Starting with the Ohmic resistance (RΩ) it can be seen that the value does not change much, but tends to slightly decrease with each polymerization cycle, meaning that the ion concentration in the polymerization media is increasing and some additional ions might be generated in the process of electropolymerization. The R2 value is denoting the charge transfer resistance on the surface to media interface changes very significantly, because the primary value was hundreds of times greater than that registered after 3 cycles and the measurement after 6 CV cycles, these changes most probably are related to increasing electrode surface area, evolved topography and advanced ability to transfer charge via the interface between electrode and solution. When the layer of growing polymer is formed on the electrode surface, then the equivalent circuit is virtually supplemented with additional elements of equivalent circuit, which were monitored as charge transfer resistance of the GR electrode/polymer interface (R3).
From data values it is seen that up to 9 th polymerization cycle a linear increase of resistance-R3 is observed, which is indicating steady polymer layer thickness growth. But after the 9 th cycle the increase of resistance-R3 growth stops, which indicates that the growth of polymer stops or at least the rate significantly decreases.
(ii) Comparing the capacitance change of the surface interfacing the polymerization solution (CPE2) and interfacing the GR surface (CPE3) it can be seen, that CPE2 does not change much and exhibits linear increase from 3 rd to 9 th polymerization cycle, it means that layer showing a quite steady surface and/or adsorbed charge carrier increase. This is most likely due to the linear increase in polymer layer thickness and since it is porous, charges get adsorbed onto the inner surface, within the cavities.
While the CPE3 is changing significantly, during initial polymerization cycles it increases, which indicates the initial phase of polymer layer formation on the GR surface; during the next phase, when the thickness of polymer layer increases, the CPE3 decreases significantly. The capacity degree (n2) attributed to CPE2, also is varying during the course of polymerization. A linear decrease of n2 is observed from 3 rd to 18 th polymerization cycle and this effect most likely is attributed to the increase in surface roughness, which represents a decrease of ability to accumulate electrical charge at the interface. On the other hand the capacitance of GR electrode/polymer interface changes more intensively, which indicates complex changes of polymer inner structure during polymerization. At the same time the capacity degree n3 is linearity decreasing up to 9 th polymerization cycle. The most suitable explanation for this is that due to the increasing formation of complex shape polymer structures the charge movement is restricted or highly impeded from some part of the surface disabling the formation of a highly ordered charged layer.
(iii) The Warburg element values, which are providing information about the diffusion that takes place in the polymerization medium and evaluated by the parameters WR and WT, also demonstrates change in values. The Warburg resistance (WR) linearly decreases, between 3 rd to 9 th polymerization cycle due to increase of charge carrier concentration during electrochemical polymerization reaction. Warburg capacitance (WT) also tends to decrease, with maintaining the same linearity from 3 rd to 9 th polymerization cycle, this is also related to the formation of polymerization products in the polymerization bulk solution.
The evaluation of formed poly-PQ layer morphology and some electrochemical properties
The analysis of poly-PQ layer topography
Topographic properties were studied by atomic force microscopy (AFM) and scanning electron microscopy (SEM). For the poly-PQ layer topography evaluation, two modified electrodes were prepared:
first was modified with poly-PQ by 1 cycle of potential cycling while the second was modified by 3 cycles.
One additional electrode with a bare GR surface was used as a control.
Comparing bare and modified GR electrodes' SEM images ( Even though the compared unmodified and modified GR electrode AFM images in figure 5 are of different size, it can be seen that the height differences of features formed on the electrode surface are disproportionately different. Also in AFM images the roughness of bear GR electrode is well observable (Fig. 5A ) that was almost invisible in SEM images (Fig. 4A,D,G,J) . In figures 5B, 2D and 3D it is also seen that poly-PQ layer is composed of sharp flakes similar to that observed in SEM images (Fig. 4B ), but these flakes are not only parallel to the surface, they also appear to be formed in various orientations.
It was also estimated that mean surface roughness (Rq) of the bare GR electrode is equal to 63.4 nm and the mean surface roughness of the poly-PQ modified electrode is 361 nm.
Summing up the data gathered during the investigation of topography it can be concluded that the primary clean bear GR electrode surface is not ideally flat and modification by poly-PQ increases the roughness of electrode surface. The GR electrode modification with poly-PQ using cyclic voltamperometry and conditions mentioned earlier in this work, proceeds with 2D flake formation that are orientated not always parallel to the surface after 1 st and possibly 2 nd polymerization cycle. Later poly-PQ layer growth proceeds with full 3D fractal formation that also tends to be grainier.
Electrochemical investigation of poly-PQ modified electrode
In this part of investigation cyclic voltamperometry and electrochemical impedance spectroscopy were used for the evaluation of GR electrode modified with poly-PQ. After washing the electrode it was immersed in an aqueous acetate-phosphate buffer solution (A-PBS), pH 6.0, and electrochemical investigations were performed. Such kind of medium is a most preferred environment for gaining performance of electrochemical sensors and biosensors and other water tolerating systems of higher complexity, where the studied electrodes modified with poly-PQ are most likely to be used.
Poly-PQ modified electrode analysis by cyclic voltamperometry
Electrochemical conditions were selected in accordance to the conditions mentioned in literature for the characterization of poly-1,10-phenanthroline monohydrate (PPMH) modified electrodes. Because the mentioned potential interval was from -0.8 V to -0.1 V vs Ag/AgCl/KCl(3M KCl), to get more insight of the modified electrode electrochemical properties and a better shape of CV cycles the potential sweep interval was expanded symmetrically towards higher positive potentials, making potential interval range from -0.8 V to 0.8 V. During evaluation of electrode modified by poly-PQ applying 9 potential cycles, a perfect CV with clear oxidation and reduction peaks was registered (Fig. 6A ). Cyclic voltammograms of poly-PQ modified and bare graphite electrode in A-PBS, pH 6.0, (Fig.   6A ) illustrates that the formation of a poly-PQ layer on a GR surface greatly enhances its oxidative and reductive properties. Poly-PQ modified GR electrode has a reduction peak at -0.34 V and an oxidation peak at 0.1 V with a relatively high current at both of them, making the poly-PQ a good charge transferring agent. Also, comparing the studied poly-PQ-modified GR electrode with the PPMH modified GR electrode of about the same surface area [32] , pH value and scan rate it can be noticed that the electrode studied in this work possesses higher oxidation and reduction peaks, since in the case with PPMH the peaks were of less than 0.1 μA compared to the 0.2 mA measured in this work, in addition to that, the peaks are closer to 0 V potential vs Ag/AgCl/KCl(3M KCl).
Poly-PQ modified electrode analysis by electrochemical impedance spectroscopy
Since the poly-PQ has demonstrated good charge transfer properties it is important to understand its other electrochemical properties, which were evaluated by electrochemical impedance spectroscopy. In these experiments bare GR electrode and poly-PQ-modified GR electrode were examined in A-PBS, pH 6.0.
Comparing the EIS spectra of bare GR electrode and poly-PQ modified GR electrode in the high frequency part (Fig. 6B) it can be noticed, that a layer of poly-PQ makes a large difference, whilst in the lower frequencies (Fig. 6C ) the difference is much lower. This effect is related to different origins of the spectra at different frequencies. At the highest frequency information on the Ohmic resistance of media are related to large fractality of formed poly-PQ layer, which provides a large surface for ion adsorption, thus decreasing their concentration in the solution and increasing the resistance of the solution. The most significant fact is the unusual shape of the spectra. This kind of characteristic in EIS can only be possible if the system has a negative resistance element [38] (what means current generation at 0 V potential vs Ag/AgCl,), and it can be related to the measured oxidation peak in cyclic voltammograms that is also very close to 0 V and has significant current value at that potential. There is a possibility that the observed current generation is a measured system artifact but since this was observed with 2 separate methods this possibility is unlikely. The most suitable equivalent circuit for the GR electrode in A-PBS, pH 6.0, ant it is the same as for the electrode in PQ polymerization medium (Fig. 3A) , the difference was determined only in element values. For the GR electrode covered with poly-PQ also the same equivalent circuit (Fig.   3B ), which was used for the evaluation of poly-PQ layer formation, was applied. Due to registration of additional features (Fig. 6B ) the equivalent circuit should be advanced by a negative resistance element, but due to a better possibility to compare the results the circuit was kept the same as it was used for the evaluation of poly-PQ formation (Fig. 3B) . Comparing the fitted values of equivalent circuit elements (Table 2 ) some changes are observed.
Firstly the Ohmic resistances of bare GR electrode and poly-PQ-modified GR electrode are very different.
Capacitance of polymer/solution interface (CPE2) increases dramatically, since ionic product generation is of low magnitude and it is related to increasing surface area because the porous polymeric layer grows, which appears to increase by a factor of about a 100. The degree of capacitance (n2) changes very slightly
The charge transfer resistance at the interface poly-PQ/solution increases significantly. This increase is related to electrochemical properties of the deposited poly-PQ layer and the potential at which the EIS spectrum was recorded (0 V vs Ag/AgCl/KCl(3M KCl)). The charge transfer resistance at the interface poly-PQ/solution can be attributed to the oxidation of the poly-PQ layer at such electrochemical conditions, but is relatively slow due to the high resistance at the polymer/solution boundary. Warburg element, which is characterizing diffusion, with parameters such as: (i) the resistance (WR) of poly-PQ-modified GR electrode decreases in comparison to that of bare GR electrode and (ii) the capacitance (WT) of poly-PQmodified GR electrode decreases. Both effects are indicating higher charge mobility.
Conclusions
During this research it was determined that the optimal electrochemical polymerization conditions for 9,10-phenanthrenequinone on the surface of graphite rod electrode are, in the range from 0.5 V to 2.5 V vs Ag/AgCl/KCl(3M KCl).at a 0.1 V potential sweep rate if polymerization is performed by potential cycling. Topographic properties of formed polymer, which were evaluated by AFM and SEM, reveals that formed coating proceeds by the formation of 2D flakes that are orientated not always parallel to the surface at the first and possibly second potential cycle, later poly-PQ layer growth proceeds with full 3D fractal formation that also tend to be more grainy. The poly-PQ surface of any thickness can be evaluated by SEM, whereas AFM can only be useful for the evaluation of poly-PQ layer formed only by 1 or 2 potential cycles. Electrochemical evaluation illustrates that formed poly-PQ layer exhibits very good charge transfer abilities, because clear oxidation and reduction peaks are observed. It can also be concluded that charge transfer properties of poly-PQ layer are even better than that of previously investigated PPMH [32] . Summarizing it can be concluded that poly-PQ is a good charge transferring agent and the topography of this polymer can be controlled. Therefore, poly-PQ can serve as a potential candidate in the development of future sensors, biosensors and charge storage devices.
